Abstract : A continuous numerical model of pure mode I crack propagation in a bidimensional heterogeneous material is presented. This model describes the propagation of a macrocrack into a two-phases brittle material with a finite density of inclusions. The morphology of cracks produced for several mechanical and microstructural conditions is analysed. We find that the simulated cracks are self-affine. Furthermore, it is shown that there exists a microstructure leading to an optimal fracture toughness.
INTRODUCTION
It is now established that fracture surfaces can be considered as self-affine fractal objects [l, 2, 31. Although many experiments made on metallic alloys [4, 51, rocks [6, 71 , glass [8] or numerical simulations [9] report a roughness exponent < (related to the fractal dimension of the surface) which seems independant of the material (< E 0.8), the universality of this index is still controversial [lo, 111. As the roughness exponent seems to be independant of the material, the link between fracture toughness and microstructure should be found elsewhere. By rewritting the Griffith criterion for a self-affine crack, Bouchaud et al. [12] argued that the fracture toughness is related to the spikiness h m a x / [ of the fracture surface, where [ is the self-affine correlation length (i.e. the limit above which a fracture surface is flat) and hmax is the typical heigth on the fracture surface outside the fractal regime.
The central point of this paper is to deal with the influence of the microstructural parameters on the morphology of the simulated cracks and hence on the fracture toughness. So, a continuous nu~nerical model of pure mode I crack propagation in a bidimensional heterogeneous material is built up. The principles of the simulation are presented in the next section. The results of the simulations will be reported in section 3, and discussed in section 4.
On the other hand, Millman et al. [13, 141 reported significantly smaller exponents (< cx 0.4 -0.6) for fracture surfaces of metallic materials observed with a scanning tuneling microscope (STM) in the nanometer range. For low cycle fatigue, this regime has been observed in the micrometer range by Mc Anulty et al. [IS] . Recently, it has been proposed that the lower exponent is characteristic of a new regime that could be identified to "quasi-static" fracture [5, 161. This interpretation is strengthened by theoretical predictions concerning the morphology of a moving line through randomly distributed impurities [17, 18, 191 . Moreover, recent molecular dynamics simulations on the fracture of amorphous materials report a "large length scales / high velocity" regime with a characteristic exponent close to 0.8 and a "small length scales / small velocity" regime with < % 0.44 [20] .
The model proposed here indicates the existence of a similar scenario, although our samples are still too small to allow for a proper determination of the two regimes.
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Description of the model
We consider the propagation of a macrocrack lying along the x-axis under a purely Mode I loading condition. The crack, after running over a distance lo = 5000, enters into a box of dimensions (x1,yl). This box contains a finite number of sites N (which positions are randomly distributed with a uniform probability law) where microcracks may nucleate. A cleavage type criterion is chosen for the nucleation of microcracks: if the stress produced by the macrocrack at site i overcomes a critical stress ac(i), then a microcrack of length so nucleates. The threshold cleavage stresses ac(i) are random variables, distributed with a uniform probability law. The stress acting on site i is given by:
where di is the distance between the macrocrack tip and site i. kI is the opening stress intensity factor (SIF) at the tip of the macrocrack in the direction of crack propagation. The computation of kl takes into account both the macrocrack deflection and the presence of the microcracks.
Once opened, the cleavage microcracks may progress towards the main crack tip if the local SIF overpasses a threshold Ich for propagation into the matrix. In order to take into account the presence of heterogeneities in a "mean field" type of approximation, the microcrack follows a directed random walk to the main crack tip. If the distance between the tips of the macrocrack and microcrack i is smaller than a distance they coalesce instantaneously. The back tip of the microcrack then becomes the new main crack tip.
After the microcraks' nucleation / growth stage, the modified SIFs of the main crack tip, due to the presence of microcracks, are computed assuming that the main crack is approximately straigth and under mode I and that there is no interaction between the microcracks. The computation of the new SIFs at the main crack tip is based on fisrt order analytical results due to Rose [21] . The modification of the SIFs due to the presence of microcracks is mainly governed by (see Fig 1) :
the ratio between the length of microcrack number i, 2si, and its distance to the main crak tip where KIgo is the remote SIF, F and 6 are first order pertubative terms, and Nopen is the number of microcracks.
The creation of a local non-zero K I I produces crack deflection. The crack will propagate in the direction where k I I ( Q ) = 0 or = 0 , where 0 is the kink angle. Within the Cotterell-Rice approximation [22] , this two criteria give the same result:
For 0 less than 30 degrees, (3) can be reduced to
Interaction between t h e macrocrack a n d t h e ith microcrack Within the Cotterell-Rice approximation [22] , the kink has a length tending to zero. When the ratio of the length of the kink to the length of the crack increases, Kitagawa et al. [23] showed that the opening SIF decreases. This correction is taken into account in the simulation.
As the main crack propagates into the box, more microcracks are produced or grown. The damage produced generates a decrease of the elastic moduli v (Poisson modulus) and p (shear modulus) of the material following (for f << 1) :
is a microcrack density parameter and p , p are the damaged material elastic moduli [24] .
For a circular damage zone , Hutchinson computed the modification of the SIF for a mode I crack
[as] :
This approximation is used to take into account the shielding effect due to the nucleation and growth of the microcracks.
Parameters of the model
The influence of the following parameters on the morphology of the simulated cracks is studied:
-p = xd, the surface fraction of precipitates; X l Y l . 4.
-s o , the in~tial length of the microcrack; -uext, the external stress. while:
-v, = 0.1, the microscopic dimensionless velocity of the macrocrack and of the microcracks; -Kjh, the propagation threshold into the matrix; -R,l,,to = 0.1, the distance below which the microcrack joins instantaneously with the macrocrack;
-ac(i) = 400x, $ 100, the critical stress above which microcrack i is created. x, is a random variable which belongs to [0,1]; -the size of the sample xl = 100 and yl = 10.
are kept constant
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For each condition, severals cracks are produced which correspond to various realisations of the same microstructure.
Crack morphology parameters
Both the roughness exponent and the spikiness of the simulated cracks are analysed in order to have their morphology characterized. The roughness exponent C is determined with "the variable band width" method [26] . The following quantity is computed:
with Zma,(r) { h~: {zi;
where r is the width of the window. Zmax(r) is the difference between the maximun and the minimun heights z within this window, averaged over all possible origins ro of the window belonging to the profile.
On the other hand, the spikiness h,,,/J defined as the ratio of the saturation height h,,, to the self-affine correlation length J characterizes the steepness of the local slopes. It has been argued by Bouchaud et al. [12] that this ratio is related to the fracture toughness This result is in qualitative agreement with the common observation that "shallow" fracture surfaces are associated to more brittle materials (rocks, glass, ...) while spikier ones are observed in the case of toughter materials ( metallic alloys for example). It will be used in the following where a correlation between this morphological parameter and the microstructure is performed.
RESULTS
The simulations are performed on a personnal computer PENTIUM 90' Mhz. So, in order to avoid prohibitive computation times, a small box size is chosen. The cracks produced with the principles explained in the previous section will be analysed here.
Effect of the microstructural parameters
This section is concerned with the influence of microstructural parameters such as the precipitates sizes or the density of microcrack nucleation sites on the crack morphology parameters. To study the effect of the density, the simulations are performed for N = 1000 to 3000, corresponding to seven values of the surface fraction of precipitates, p, ranging from 19.6% to 58.9%, and for $$ = 2.42. As can be seen in Fig 2, the craks are self-affine and the roughness exponent seems independant of p. Small variations of the measured exponent are due to the small size of the scaling domain. On the contrary, the spikiness evolves with p in a non monotonic way and a maximum is observed for p e 49% which corresponds to N = 2500. To study the effect of so, the simulations are performed for N = 1000 and 3 = 6.17. As can be seen in Fig 4, crack deflection increases with the size of the inclusions: this ii reflected in the variation of the spikiness from 0.033 for so = 0.05 to 0.038 for so = 0.5. 
Effect of the external applied stress
The influence of the applied stress on the roughness exponent, crack deflection and crack speed are analysed in this section. The results are obtained for N = 1000 and so = 0.5. As can be seen in Fig. 6 , the effect of the external stress is not monotonic; as the stress is increased, crack deflection increases until the shielding effect becomes important and reduces this deflection.
Although the microscopic crack velocity v, is kept constant, the macroscopic macrocrack speed, defined as the ratio of the sample length to the number of iterations, increases with an increasing applied stress (see Fig 5) .
Furthermore, the "effective" roughness exponent C (see Fig.6 ) increases with the external applied load, and hence with the "macroscopic" velocity of the main crack. This evolution could be interpreted as the existence of two fracture regimes with exponents close to 0.5 and 0.8 (or 0.7), separated by a crossover length tc decreasing with increasing crack velocity. 1 (which corresponds to a regular line). As can be seen in Fig. 2 , the roughness exponent seems independant of the microstructural parameters: the small variations could be due to the size of the scaling domain but this point should be checked for a greater sample size. This is in agreement with the experimental results. Furthermore, the average measured value of C is close to 0.7, which is usually reported for experiments in two dimensions [27, 28, 29, 301. On the contrary, the relevant length scales h,,, and t and their ratio h,,,/[ vary with the microstructural parameters. The optimal fracture toughness should be obtained for a surface fraction of secondary phases of 50%. This behavior is due to a competition between two mechanisms due to the presence of microcracks: one is crack deflection, and the other one is the shielding.
A systematic variation of is nevertheless observed with increasing external loading. The exponent computed might well be an apparent exponent, corresponding to a mixing of the "quasi-static" (5 E 0.5) regime with the "kinetic" (5 E 0.7 -0.8) regime. [, would then decrease with increasing the applied loading, and hence the crack velocity. However, such a determination over one decade of length scales is impossible. Increasing the size of the sample in order to extend the fractal domain should allow for a more accurate determination of 5.
Although this model indicates the existence of two fracture regimes, these cannot be defined properly. As the simulated cracks can grow either a t the microscopic velocity uo or more rapidly by junction with microcracks, we could imagine that the "quasi-static" regime should be related to a "sporadic" advance due to junctions whereas the "kinetic" regime could be associated to a more regular propagation or perhaps to a steady state junction regime. This hypothesis could be checked by either varying the ratio of the microcracks velocity to the macrocrack microscopic velocity, or varying the value of RPlastO It seems experimentally 1311 that the "quasi-static" regime could be linked to a discontinuous. growth of the crack whereas the "kinetic" regime seems to be related to a more continuous growth regime. On metallic alloys, fractured in fatigue, the "quasi-static" regime seems to correspond to a discontinuous propagation mode where the crack is not able to progress at every cycle. This might also be the case for the stress corrosion subcritical fracture of glass: the "quasi-static" regime corresponds to an intermittent fracture mode [32] . This is also what is described by the theoretical models [17, 18, 191 where the depinning transition could also correspond to intermittency 1331.
It would be interesting to study the influence of so on the macrocrack morphology. The evolution of the spikiness reflects the well-known result that fracture toughness increases with the inclusions size. As can be seen in Fig. 4 , the spikiness seems to increase with so but a systematic study for various values of N and aeZt should be performed. The evolution with so of the crossover length [, between the "quasi-static" and "kinetic" regimes is also worth studying. Both evolutions could explain the apparent dependance sometimes reported between the measured roughness index and the microstructure.
CONCLUSION
A continuous numerical model of pure mode I macrocrack propagation into a two phases bidimensional material is presented. The morphological parameters of self-affine cracks produced for several mechanical and microstructural conditions are analysed. An optimum of the fracture toughness with the surface fraction of secondary phases is predicted by this model.
